Abstract Along with the introduction of the concept of dual-channel communication, we utilized the finite-difference time-domain (FDTD) method to simulate and measure the radiation pattern under certain plasma densities and plasma collision frequencies. Results show that under certain settings, the radiation pattern of a plasma antenna resembles that of a metallic antenna. In contrast to a metallic antenna, a plasma antenna possesses other functionalities, such as dynamic reconfiguration and digital controllability. The data from simulation are similar to the measurement results, indicating that column plasma antenna can realize dual-channel communication. This work confirms the viability of realizing dual-channel communication by column plasma antenna, which adds a new but promising method for modern intelligent communication.
Introduction
The advancement of modern communication requires a higher level of service in both quantity and quality by utilizing a specific bandwidth of antenna system. Taking China's time-division long-term evolution network as an example, the dual-polarization and dual-channel intelligent antenna system has become the latest practical standard in the telecommunications industry as the antenna system can provide service to more users with better user experience. Presently, the superiority of an outdoor and indoor dual-channel antenna system has been widely accepted by the market. Studies on plasma antenna have been carried out during the past few years in China and abroad, with the majority of scholars focusing on the radiation pattern and electric properties of column plasma antenna excited by a surface wave. The dynamic reconfiguration characteristics of the plasma antenna have already been simulated and confirmed by previous experiments [1−5] , indicating that the plasma antenna is equivalent to a metallic antenna in certain aspects. Nevertheless, the possibility of the plasma antenna realizing dual-channel communication by simulating the plasma antenna's radiation pattern has rarely been addressed in previous studies. In this paper, we introduce a concept of dual-channel communication by column plasma antenna, focusing on its radiation pattern by numerical simulation and experimental test. With a positive result, this study breaks ground for a potentially new approach to modern intelligent communication. Fig. 1 shows a prototype of a dual-channel column plasma antenna excited by a surface wave. The above system is a column plasma system with two signal coupling rings added. Each signal coupling ring has a corresponding working signal channel. During the actual operation process, the plasma is in a state of dynamic equilibrium, that is to say, all sorts of particles' dynamic ionization and recombination have "no order". Due to such an "orderless" characteristic possessed by the plasma, it enables an excited signal and other loaded signals to propagate independently without interference. Furthermore, considering there is no electrical connection between any two signal coupling rings, the risk of mutual coupling can be avoided. In brief, each signal channel is capable of operating independently; therefore it is possible for column plasma antenna to communicate in a dual-channel mode.
Operation principle

Radiation pattern
Thanks to the available superior computation capacity and speed, finite-difference time-domain (FDTD) can be utilized not only for solving the problem of propagation and reflection of electromagnetic pulses in complicated media, but also for computing the parameters of plasma antenna to achieve more accurate results. Maloney et al. [6] utilized FDTD to simulate the radiation pattern and analyzed the far-field radiation of a column metallic antenna. Based on the model established by Maloney et al. by introducing the dispersion characteristic of plasma, FDTD can be utilized to compute and analyze the radiation pattern of plasma antenna. In this paper, we utilized the FDTD computation module to study the radiation pattern of dualchannel column plasma antenna exited by a surface wave.
Computation model
Algorithm model and FDTD equation
This paper utilizes a cylindrical FDTD method under axial symmetry [7] . Fig. 2 shows the FDTD geometry of the plasma antenna feeding through an image plane from a 50 Ω coaxial transmission line where the excitation Gaussian pulsating and sinusoid of each channel voltage is introduced, and the plasma antenna is vertical to the infinite plane coordinate. The length of the plasma antenna is 0.4 m and the pressure of the plasma antenna is less than 100 Pa. The inside and outside radius of the coaxial line is b and c, respectively. We set c/b=2.30 to correspond to the 50 Ω characteristic impedance of the coaxial line, and divided the FDTD computation space into 200×200 Yee cells. In order to simulate the plasma antenna accurately, we further divided every Yee cell nearby the plasma antenna and inside the coaxial line into sub grids with a space length of ∆r 1 = ∆z 1 =2.5 mm, while the other Yee cells had a length of ∆r 2 ≈10∆r 1 , ∆z 2 ≈10∆z 1 . In addition, we introduced a five-layer perfectly matched layer [8] absorbing boundary to simulate the infinite space. The computation interval was set as ∆t ≈ ∆z/(2c) to meet the demand of the Curant-Friedrichs-Levy precondition of cylinder system c∆ ≤ ∆r 2 ∆z 2 (∆r 2 + ∆z 2 ). During the experiments, the density of the plasma excited by the surface wave was not homogenously distributed. In computation, average axial and Bessel-like radial distributions were used. The electromagnetic field strength E and H, which are generated by signal source S, are set and plasma antenna operates in the linear region. The electromagnetic fields generated by each signal source could be combined linearly, S = S 1 + S 2 . Nonetheless, these electromagnetic fields do not interfere with each other. Maintaining their independence, all individual signals can propagate independently. Therefore E = E 1 + E 2 , H = H 1 + H 2 . When colliding with non-magnetic cold plasma, signals' propagation satisfies Maxwell equations and relevant equations as follows:
In the above equations: n e is electron density, u e is the average speed of the electron, ν is the collision frequency of the plasma. The mathematical expressions of E and J in the frequency domain can be derived from the above Eqs. (3) and (4):
By differentiating Eqs. (1) and (2) in cylindricalcoordinate according to the above division of the grid zone, we can obtain: H
According to the JEC-FDTD method [9] , the second order iterative formula of electronic current density J and electronic field E can be acquired as:
where, ω pe is the circular frequency of the plasma, ω pe = n e e 2 mε 0 .
From the set of Eqs. (6)- (10), we can compute the distribution of the electromagnetic field inside the plasma for each signal source S i . As to the computation of the nearby electromagnetic field, we just need to set the current density distribution J to 0 in Eqs. (7) and (8).
Computation of the radiation field
The electronic and magnetic equivalent surface currents are displayed as:
In order to compute the far-field electromagnetic field, vector potential w and u are computed first. 
The distant electromagnetic field can be obtained from vector potential w and u:
For linear system S i (E = E 1 + E 2 ), its radiation characteristics are:
Numerical computation result
The collision frequency ν e is directly set at 150 MHz during the computation of each channel's normalized radiation pattern.
Besides, the density of plasma is represented by plasma frequency f pe = ω pe /2π = n e e 2 m e ε 0 2π. Here, ε 0 is the vacuum dielectric constant, n e is electron density, e is electron charge, m e is electron mass and we set f pe =5 GHz. In order to make the characteristics of the plasma antenna comparable, we also computed the radiation pattern of the metallic antenna on the same scale. Fig. 3 shows the dual channel plasma antenna (collision frequency ν e =150 MHz) and the metallic antenna's normalized radiation pattern. Fig. 3(a) (operation frequency f =187.5 MHz) indicates the consistency of the normalized radiation patterns of plasma antenna with those of the metallic antenna, and the probability of replacing the metallic antenna with the plasma one under certain conditions. Fig. 3(b) (operation frequency f =375 MHz) displays the radiation pattern of plasma changes along with the change of plasma frequency. The main lobe effect of radiation pattern becomes more and more prominent with the increase of plasma frequency and/or the increase of plasma density. Meanwhile the radiation pattern of the plasma antenna gradually approaches that of the metallic antenna. Therefore, we could achieve our goal through a dynamic reconfiguration of plasma antenna radiation pattern by adjusting the density of plasma. Fig. 3(c) and (d) show the radiation patterns of different operation frequencies, f =229 MHz and f =300 MHz, where a relatively larger plasma frequency f pe =5 GHz is selected. It can be observed from Fig. 3(c) and (d) that the main lobe of the radiation pattern expands gradually and approaches that of metallic antenna with the decrease of input signal frequency from f =375 MHz, 300 MHz to 229 MHz.
From the above simulation computation, the characteristic of the radiation pattern of each channel resembles that of a metallic antenna under certain parameters, indicating that the plasma antenna can become an alternative to metallic for communication. Along with the increase of plasma density and the decrease of signal frequency, the main lobe effect of radiation pattern of each channel becomes more and more prominent, indicating that we could refigure the antenna by adjusting the density of the plasma. 
Experimental result
During experiments, for plasma density f pe =5 GHz, collision frequency ν e =150 MHz, signal frequency f =229 GHz (between L = λ/2 and L = λ), we input phase-unrelated signal sources with the same frequency of 229 GHz but different amplitudes into two signal channels. We acquired the radiation pattern as shown in Fig. 4 . It can be found from Fig. 3(c) and Fig. 4 that the experimental data are consistent with the simulation results, indicating the feasibility for column plasma antennas excited by a surface wave to operate in the mode of dual-channel. 
Conclusion
This work utilized the FDTD method to simulate the radiation characteristic of dual-channel plasma antenna excited by a surface wave. Simulation results show that the radiation characteristic of column plasma antenna is significantly impacted by plasma frequency and plasma collision frequency. The dynamic reconfiguration of the radiation pattern of column plasma antenna can be achieved by adjusting plasma parameters. For practical applications, by selecting appropriate plasma parameters and operation modes, plasma antenna appears to be superior to metallic antenna. In addition, the experiment and simulation results of dual-channel column plasma antenna are consistent. The present result provides evidence for practical realization of dualchannel intelligent communication by column plasma antenna.
